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SUMMARY
At high frequencies, the acceleration spectral amplitude decreases rapidly; this has been
modelled with the spectral decay factor κ . Its site component, κ0, is used widely today in
ground motion prediction and simulation, and numerous approaches have been proposed to
compute it. In this study, we estimate κ for the EUROSEISTEST valley, a geologically complex
and seismically active region with a permanent strong motion array consisting of 14 surface
and 6 downhole stations. Site conditions range from soft sediments to hard rock. First, we
use the classical approach to separate local and regional attenuation and measure κ0. Second,
we take advantage of the existing knowledge of the geological profile and material properties
to examine the correlation of κ0 with different site characterization parameters. κ0 correlates
well with Vs30, as expected, indicating a strong effect from the geological structure in the upper
30 m. But it correlates equally well with the resonant frequency and depth-to-bedrock of the
stations, which indicates strong effects from the entire sedimentary column, down to 400 m.
Third, we use our results to improve our physical understanding of κ0.We propose a conceptual
model of κ0 with Vs, comprising two new notions. On the one hand, and contrary to existing
correlations, we observe that κ0 stabilizes for high Vs values. This may indicate the existence
of regional values for hard rock κ0. If so, we propose that borehole measurements (almost
never used up to now for κ0) may be useful in determining these values. On the other hand, we
find that material damping, as expressed through travel times, may not suffice to account for
the total κ0 measured at the surface. We propose that, apart from material damping, additional
site attenuation may be caused by scattering from small-scale variability in the profile. If this
is so, then geotechnical damping measurements may not suffice to infer the overall crustal
attenuation under a site; but starting with a regional value (possibly from a borehole) and
adding damping, we might define a lower bound for site-specific κ0. More precise estimates
would necessitate seismological site instrumentation.
Key words: Earthquake ground motions; Seismic attenuation; Site effects; Wave scattering
and diffraction; Wave propagation.
INTRODUCTION
At high frequencies, the spectral amplitude of acceleration decays
rapidly. Hanks (1982) first introduced fmax to model the frequency
above which the spectrum decreases, while Anderson & Hough
(1984) introduced the spectral decay factor (κ) to model the rate of
the decrease. Though its physics is still not completely deciphered,
κ is a crucial input for describing high-frequency motion in var-
ious applications, including the simulation of ground motion and
the creation and adjustment of ground motion prediction equations
(GMPEs) from one region to another. There are many approaches
for estimating κ (Ktenidou et al. 2014). In this paper, we implement
the classical approach to compute the site-specific component of κ
(κ0), correlate it to various site characterization parameters, con-
sider new possibilities as to its physical interpretation and propose
a conceptual model.
Anderson & Hough (1984) coined κ based on the observation
that above a given frequency, the amplitude of the Fourier amplitude
spectrum (FAS) of acceleration decays linearly if plotted in linear-
logarithmic space. κ for a given record at some distance R from the
source (termed κ r) can be related to the slope (λ) of the spectrum
(a) as follows:
κr = −λ
/
π where λ = (lnα)/ f. (1)
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Understanding the physics of κ 679
The same authors observed that measured κ r values at a given
station scale with distance. The zero-distance intercept of the κ r
trend with distance (denoted κ0) corresponds to the attenuation that
Swaves encounter when travelling vertically through the geological
structure beneath the station. The distance dependence corresponds
to the incremental attenuation due to predominantly horizontal
S-wave propagation through the crust. As a first approximation,
the distance dependence may be considered linear and denoted by
κR, so that the overall κ can be written as follows, in units of time:
κr = κ0 + κR · R (s). (2)
This linear simplification of the path component cannot always
describe the distance dependence, but has often proven to be a good
approximation (Nava et al. 1999; Douglas et al. 2010; Gentili &
Franceschina 2011; Ktenidou et al. 2013). The κ0 component has
been considered to have possible source contributions (e.g. Tsai
& Chen 2000; Purvance & Anderson 2003), but it has also been
suggested that these may be related more to the scatter than to
the mean value of κ0 (Kilb et al. 2012). For more background on
the debate as to source components in κ0 and fmax, the reader is
referred to Ktenidou et al. (2014) and references therein. In current
applications, κ0 is taken primarily to describe site attenuation due
to local geological conditions down to a few hundreds of metres, or
a few kilometres, beneath the site under study (Anderson & Hough
1984; Campbell 2009). Today, interest in κ0 is renewed because it
constitutes an important input parameter when adjusting GMPEs
to different regions through the host-to-target method (Cotton et al.
2006; Douglas et al. 2006; Biro&Renault 2012) and in constraining
high frequencies for synthetic ground motion generated either by
stochastic, physics-based, or hybrid-method simulations (e.g. Boore
2003; Graves&Pitarka 2010;Mai et al. 2010). The latest generation
of GMPEs is also expected to incorporate κ0 as a new predictor
variable (e.g. Laurendeau et al. 2013).
We choose a site marked by complex surface geology, where
records are available from a variety of geological conditions rang-
ing from soft soil to hard rock, and where the geometry and dy-
namic properties of the formations are well known through ex-
tensive geotechnical and geological surveys. This will allow us to
perform three tasks: (1) Estimate κ0 at stations of varying site con-
ditions. (2) Correlate our κ0 estimates with parameters used in site
characterization (Vs30, depth to bedrock, resonant frequency). (3)
Use results to better understand the physics of κ0, particularly with
respect to its relation with damping and its values for hard rock.
STUDY AREA AND DATA
The area under study is located in Northern Greece; it is the Myg-
donia basin, an elongated graben between lake Langada and lake
Volvi, bound by active normal faults. It lies 30 km from the coun-
try’s second largest city, Thessaloniki, and is the nearest active seis-
mic zone affecting it. Over the past two decades, the basin and its
vicinity have been the object of extensive studies in terms of geolog-
ical structure and soil properties (through geological, geophysical
and geotechnical in situ surveys) as well as seismic site response
(through empirical and numerical methods; see e.g. Manakou 2007;
Manakou et al. 2010; and references therein).
The basin’s width is around 6 km and the maximum thickness of
the sediments is around 200 m at its centre. A permanent accelero-
metric network named EUROSEISTEST (Pitilakis et al. 2013;
http://euroseis.civil.auth.gr) has been installed around the basin cen-
tre, comprising 14 surface and 6 downhole receivers. The surface
layout of the array has the shape of a cross, extending in two di-
rections, perpendicular and parallel to the basin axis (Fig. 1). The
stations have been installed in different formations to sample ground
motion in various geological conditions (Figs 2 and 3). Thus, the
soil conditions where κ is investigated range from very soft, deep
valley deposits (TST-000 station at the valley centre) to weathered
rock outcrop (PRO-000 and STE stations on the neighbouring hills)
and very hard rock (PRO-033 and TST-196 downhole stations). In
terms of shear wave velocity, this corresponds to a range of Vs30
from 190 m s−1 to 1840 m s−1. In terms of EC8 site classifica-
tion (CEN 2003), this corresponds to sites ranging from D/C to A,
respectively.
We use a data set of 84 earthquakes, recorded by the surface
and downhole stations of the permanent network over 13 yr. The
epicentral distribution of these events is shown in Fig. 4. Their
moment magnitudes range from 2 to 6.5, with distances out to
150 km. All events are crustal, with depths down to 15 km. These
parameters are also shown in Fig. 4.
Figure 1. Layout of the 14 surface and 6 downhole accelerometers of the EUROSEISTEST array in plan (top) and in cross-section (bottom). The blue boxes
mark the edges of the Profitis (PRO)–Stivos (STE) cross-section, and the red box marks the TST borehole (adapted from Manakou et al. 2010).
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Figure 2. Geological cross-sections along the Profitis–Stivos axis (Raptakis et al. 2000, top) and in the perpendicular axis (Manakou et al. 2010, bottom). The
location of surface and downhole sensors of TST borehole is marked in red.
Figure 3. Indicative geotechnical and Vs profiles across the Profitis–Stivos section (adapted from Pitilakis et al. 1999). Crosses indicate the location of surface
and downhole sensors. The table shows density, mean Vs, Qs and damping ratio (ξ ) from laboratory testing, and layer thickness at TST from Pitilakis et al.
(1999), along with average Qs values and their scatter (σQs) from the in situ experiments of Jongmans et al. (1999).
APPROACH FOR KAPPA EST IMATION
Recently, existing approaches for computing κ from seismic records
were identified and grouped in a taxonomy (Ktenidou et al. 2014).
For this study, we choose to apply the classical approach after the
definition of Anderson & Hough (1984). This is still the most com-
monly used, and is called the ‘acceleration spectrum’ (AS) ap-
proach. We measure κ r,AS (hereafter referred to as κ r, for simplic-
ity, as long as the AS approach is used) on the FAS of individual
records at various distances from the site and then extrapolate to
zero distance to derive the site κ0,AS (hereafter referred to as κ0,
for simplicity, as long as the AS approach is used). We follow the
steps proposed in Ktenidou et al. (2013). Based on a preliminary
visual check, we choose records of good quality for which there is
also an adequate window of pre-event noise. We pick P and S ar-
rivals manually and choose an S-wave window by visual inspection,
taking into account the magnitude and distance of the earthquake,
and including the strongest part of ground motion. We compute the
signal-to-noise ratio (SNR) using the S-wave and noise windows,
and we only work with records for which SNR is higher than 3.
We compute the FAS for the S-window and pick frequencies f1 and
f2 between which the spectral acceleration amplitude decreases lin-
early in lin-log space. We take care to pick f1 well to the right of
the corner frequency of the respective earthquakes (which is cho-
sen visually after inspecting acceleration and displacement FAS in
log–log space) in order to avoid trade-off between site and source
effects. In picking f1, we also avoid the resonant peak of the transfer
function and the first few overtones (the transfer function is esti-
mated through the horizontal-to-vertical spectral ratio after Lermo
& Cha´vez-Garcı´a 1993). This is to avoid biasing κ r measurement
due to the distortion of the spectral shape coming from local reso-
nance peaks (Parolai & Bindi 2004). For high-frequency resonance,
if we cannot avoid the resonant peaks then we cut across some of
them to estimate the overall trend; we are careful not to measure
κ r immediately before or after a broad resonance peak, as this may
lead to significant overestimation or underestimation, respectively
(Kishida et al. 2014). f2 is chosen within the frequency range for
which the instrument response can be considered flat and above
the noise (naturally, the deeper the station lies, the lower the noise
level is expected to be). The chosen frequencies f1 and f2 vary among
records depending on magnitude, resonance pattern, noise level and
spectral shape, but on average the range used is 15–35 Hz. Using
the chosen frequency range, we regress the data based on eq. (1) to
compute the individual value of κ r for each event at each station.
We do this for both horizontal components. We then compute the
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Figure 4. Top: epicentral distribution of events (red circles) and the location of array (black dots near N40.45, E23.15). Bottom: moment magnitude and depth
of events versus epicentral distance (using TST as reference).
average horizontal κ r value from the NS and EW components.
Fig. 5(a) shows the picking of f1 and f2 and the computation of κ r
for an earthquake (15/07/2004 00:40 GMT,M3.5, R = 10 km, EW
component) recorded at all stations of the TST borehole (Fig. 5b).
The results are shown with depth, starting from TST-000, the centre
of the basinwhereVs30 = 175m s−1, down toTST-196, the downhole
bedrock station where Vs30 > 1500 m s−1 (see station locations in
Fig. 1). The computed κ r values differ greatly, with κ r at depth being
less than half the surface κ r (Fig. 5c). We note that the frequency
range (f1, f2) may not be the same for all stations recording the
same event. We follow the original definition and visually choose
the frequency range where the decay appears mostly linear rather
than automating the choice. In Fig. 5(a), for example, f2 is chosen
farther to the right for deeper stations compared to the surface sta-
tion, so as to avoid resonances occurring at higher frequencies. The
choice of frequency range was studied in more detail by Edwards
et al. (2015). They suggested that its effects depend on the degree
of frequency dependence of Q, which in our study is considered
negligible.
We now have pairs of values for κ r and distance for all records
(Fig. 6a). κ r values are correlated with the site conditions; for in-
stance, data from station TST-000 (blue points) lie above data from
TST-196 (red points); however, the scatter is large. There is also an
increase of κ r with epicentral distance, which is clearly observed
not only for distant records but also within the first 40 km. In fact,
Fig. 6(b) shows that this increase may begin after 15 km, which
implies that the regional component of attenuation, κR, is rather
strong (in other words, we expect to find a rather low Q values).
Based on the data distribution, and since the distance dependence
of κ r is visible even at short distances, we opt for the simple linear
model of eq. (2). If the κ r measurements had shown no increase in
the first, say, 20–30 km or more, a bilinear ‘hockey-stick’ model
may have been more appropriate (this was used, for instance, by
Kishida et al. (2014), where κ r appeared constant out to 60 km,
due to the rather high regional Q). The linear model of eq. (2) as-
sumes that regional attenuation in the crust is constant at depths
where propagation is lateral (say, below 5 km; Hough & Anderson
1988).
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682 O.-J. Ktenidou et al.
Figure 5. (a) Example of the picking of f1 and f2 and the measurement of κ r,AS for an M3.9 earthquake simultaneously recorded at all stations in the TST
borehole. Noise spectrum plotted in grey, S-window in black, κ fit in red. (b) The time histories of the records. (c) The distribution of measured κ r,AS values
(±1 standard error) with sensor depth.
We now proceed to the regressions with distance to derive the
parameters of eq. (2). We use a weighed bisquared scheme for the
linear regression, and since the slope of the line is considered to
represent the regional attenuation, we constrain it to be the same for
all stations. Thus, we compute a common κR using data from all
the stations together, regardless of soil type, and then estimate κ0
separately for each station, given their different site conditions. The
regression results are shown in Fig. 6(a) for stations TST-000 and
TST-196 (blue and red respectively), where the lines indicate the
mean ±1 standard deviation. Despite the large scatter in the data
points, which is typical in such studies, the difference in κ r values
between the shallowest and deepest stations of the TST borehole
is significant. Furthermore, in Fig. 6(b) we observe that the range
of κ0 computed from the regressions (marked on the y axis) is in
good agreement with the short-distance κ r measurements. Finally,
in the same figure we observe that there is no statistical difference
between the κ0 ranges computed from the regression for the two
hard rock stations (TST-196 and PRO-033, red circles and crosses),
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Understanding the physics of κ 683
Figure 6. (a) The individual κ r,AS measurements with distance for TST-
000 (blue diamonds), TST-196 (red circles) and all other stations (black
crosses). The lines show the regression results for TST-000 and TST-196,
±1 standard deviation. The equations give the regressed values of κ0,AS, its
standard deviation, the coefficient of correlation, the common slope, and the
Q to which it corresponds. (b) Individual κ r,AS measurements out to 35 km,
for all stations (black crosses), for TST-000 (blue diamonds), for TST-196
(red circles) and for PRO-033 (red crosses). On the y-axis, the results of
the regressions are shown (κ0,AS ± 1 standard deviation) using the same
symbols per station. Note that at the two deepest stations (red crosses and
circles) there is no significant difference in the regressed κ0,AS values, nor
in the measurements out to 35 km.
nor in their κr values out to 35 km. We will revisit the implications
of this observation in a later section (‘A new conceptual model for
κ0–Vs dependence’).
CONFRONTATION WITH OTHER
STUDIES
Overall, κ0 values range from 0.02 to 0.07 s for site conditions
ranging from hard rock to soft soil. Hatzidimitriou et al. (1993) pro-
posed an average κ0 value of 0.057 s after studying a variety of sites
across Greece, while for the Gulf of Corinth Tselentis (1993) found
values of 0.04 s, and Ktenidou et al. (2013) down to 0.02–0.03 s.
Papaioannou (2007) used a smaller data set from EUROSEISTEST;
his κ0_AS values range from 0.05 s for stiff soil outside the basin to
0.085 s for soft alluvia near its centre, with transition sites near the
edges at 0.065 s. Our values are lower, and one reason is probably
the trade-off with Q; Papaioannou (2007) allowed κR to be defined
by the data of each station and hence to vary significantly between
stations, while we constrained κR to be the same at all stations,
considering it is tied to the regional Q effect.
We now turn from the site to the path contribution. The mean-
ing of the regression’s slope becomes clearer if we consider the
exponentials describing the components of attenuation. Consider-
ing the formulation of the point-source stochastic model describing
the FAS (Boore 2003, his eqs 20 and 8), the operator for the site
diminution can be written as
e−π f κ0 , (3)
and that for the anelastic attenuation along the path can be written
as
e−
π f R/βQ( f ). (4)
Their sum would then be
e−π f (κ0+
R/βQ( f )). (5)
In measuring κ r form the FAS as linear decay in log-lin space, we
have already implicitly assumed thatQ is frequency-independent, at
least in the range between f1 and f2. Hence the sum of the exponents
can be written as
κ0 + R
/
βQ. (6)
Comparing this to eq. (2), we arrive at
κR = R
/
βQ, (7)
and we can then compute an equivalent, frequency-independent Q
for the region under study:
Q = 1/βκR. (8)
Our regression yielded a value of κR ∼ 0.00048 s km−1. The fre-
quency range in which we measured κ r was mostly between 15
and 35 Hz. Assuming an average crustal shear wave velocity of
β = 3.5 km s−1, the slope corresponds to a frequency-independent
regional Q (between 15 and 30 Hz) of 590. This is a rel-
atively low value, especially at high frequencies, and justi-
fies the increase of κR with distance observed even at short
distances of 15–30 km (Fig. 6b). We also consider Q esti-
mates from independent attenuation studies made for Greece.
For Northern Greece, Hatzidimitriou (1995) proposed Q = 590
at 8 Hz, and Polatidis et al. (2003) proposed Q = 525 at
12 Hz. As expected, attenuation studies are not concerned with
higher frequencies; however, some κ studies have inferred Q
above 15–20 Hz in Greece based on κR. Papaioannou (2007)
derived κR values that would correspond to frequency-independent
Q values from 200 to 570 at different stations of the EUROSEIS-
TEST array, and Ktenidou et al. (2013) inferred Q of 500 for the
Gulf of Corinth. Considering the simplifications made, our estimate
is in good agreement with these previous studies.
CORRELATION OF κ0 WITH S ITE
CHARACTERIZAT ION PARAMETERS
In the two sections that follow, we use our results to investigate
some aspects of the underlying physics of κ0.
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684 O.-J. Ktenidou et al.
Figure 7. Correlation of κ0,AS values with Vs30. Dotted lines indicate limits
between EC8 site classes A through D. Downhole values are shown as
squares and surface values as circles.
Correlation with shallow geology (first 30 m)
Often, when there are not enough data to measure κ0, empirical
correlations are used to infer it. These are made primarily with Vs30,
such as those introduced by Silva et al. (1998) and followed by
Chandler et al. (2006) and others; see Ktenidou et al. (2014) for a
discussion. Van Houtte et al. (2011) also proposed correlations with
the resonant frequency.Vs30 is themain parameter used until recently
for site classification, though recent trends in site characterization
go beneath the upper 30 m to include an index of the depth of the
entire soil column (e.g. Luzi et al. 2011; Pitilakis et al. 2011). This
is usually achieved through the fundamental frequency (fres) or the
depth to bedrock (Hbed), which may be defined in different ways. In
this section, we make use of the extensive geological, geophysical,
and geotechnical studies already conducted at EUROSEISTEST
(Raptakis et al. 2000; Manakou et al. 2010, among others) and use
the information available in order to correlate κ0 with the main
parameters used in site characterization and response.
We first investigate the relation between κ0 and Vs30. For down-
hole stations, we use the value of Vs over the 30 m beneath the depth
where the instrument is installed. These Vs30 values are computed
from Vs profiles available at http://euroseisdb.civil.auth.gr. For sta-
tions BUT and SCT the information is inadequate, so we infer Vs30
through correlation with neighbouring stations. For TST-196, the
Vs30 is based on Raptakis & Makra (2015). In Fig. 7, we see a pos-
itive correlation with a coefficient of R2 = 47 per cent. If we did
not include downhole data, the correlation would decrease to R2 =
25 per cent. Most existing correlations with Vs30 have even lower
coefficients. Van Houtte et al. (2011), for instance, found R2 below
15 per cent for their Japanese surface data. Indeed, if one combines
results from their Figs 8(a) and (c), that is, if one includes downhole
data in their correlation, then the R2 increases to 31 per cent. Given
the lack of hard rock surface stations, we propose that downhole
data could provide valuable information for κ0 at higher Vs val-
ues. We take up this consideration again in the following section
‘Regional asymptotic values of κ0’.
Correlation with the deeper basin structure
Despite the correlation in Fig. 7, it is evident that there is a large
scatter in κ0 values. Sites belonging to the same class (for instance,
soil sites with Vs30 from 190 to 300 m s−1, i.e. EC8 class C) exhibit
different κ0 values, which renders it difficult to propose typical
values for the class. We now look at the correlation of κ0 with
the other two site classification parameters, fres and Hbed (depth to
bedrock, where by bedrock we mean formations G/G∗ of Fig. 2),
in Fig. 8. The correlation coefficients are again of the order of 40–
50 per cent. This indicates that κ0 is also correlated with the deeper
structure to a similar degree as with Vs30. We expected that κ0
should also correlate with the deeper structure of the basin, since it
is considered to relate to several hundreds of meters beneath a site.
We then propose that correlations with indices of deeper geology
can be used to complement the classical correlations with Vs30.
In existing empirical correlations between κ0 and Vs30, the data
come mainly from class A or B sites (EC8). Almost no data come
from site class C in existing correlations, and data from very hard
sites (Vs30 > 1500 m s−1) are sparse and scattered. In this study,
sites range from very soft to very hard. In Fig. 9, we plot existing
correlations within their range of applicability. The legend shows
the method used to compute κ0 (after Ktenidou et al. 2014) and
the region the data came from. Extrapolating available correlations
to lower Vs30 values provides an upper bound if we use Silva et al.
(1998) and Chandler et al. (2005), and a lower bound if we use
Edwards et al. (2011). For stiff soil and soft rock sites (B class
and A/B interface), our results lie between available correlations.
For hard rock (above 1500 m s−1), however, most existing corre-
lations predict significantly lower κ0 values. Given the scarcity of
Figure 8. Correlation of κ0,AS values with resonant frequency (left) and depth to bedrock (right). Correlation coefficients are also shown. Downhole values
are shown as squares and surface values as circles.
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Figure 9. Correlations of κ0,AS with Vs30: comparison of the results of this study with existing empirical correlations.
Figure 10. Left: existing data and correlations, all suggesting a downward tendency for hard rock. Right: the alternative asymptotic functional form for
correlations of κ0,AS with Vs30, based on data from EUROSEISTEST (red) and Switzerland (blue), following solely the AS measurement method.
hard-rock κ0 values in the literature, it is important to understand
their possible dependence on region and measurement approach in
order to improve empirical correlations and use them successfully
for extrapolating to high Vs values. Though there is still a strong
need for more data, in the next section we propose another possible
interpretation.
A NEW CONCEPTUAL MODEL FOR κ0–Vs
DEPENDENCE
Regional asymptotic values of κ0
As seen in Fig. 10(a), there are very little data available in the lit-
erature for high Vs30, and the functional forms proposed are poorly
constrained above 1500 m s−1. However, for rock-to-hard rock ad-
justments, this range of Vs30 values interests us the most. For very
hard rock, the question arises: what is the minimum value of κ0?
Some of the possible reasons for this scatter in existing κ0–Vs30 data
are differences in measurement, the range of frequencies used and
the region (Ktenidou et al. 2014), as well as possible differences in
rock hardness (Rebollar 1990) and the degree of fracturing and ero-
sion (Ferna´ndez et al. 2010). In this study, we have been consistent
in terms of measurement method, frequency range, type of rock and
region.
For the sites in our region, we have shown (Fig. 7) that it is
possible to describe results using a functional form similar to ex-
isting correlations, which predicts continuous decrease of κ0 as the
rock hardens. However, we also observe that the downward trend
is mainly due to site classes B and C. If we focus on results on
rock alone, our data in that figure show no significant decrease of
κ0 beyond Vs30 = 550 m s−1. So an alternative interpretation to the
classic functional form would be that κ0 first decreases as the ma-
terial hardens, but then reaches an asymptotic value for rock. This
type of interpretation also draws from the observation in Fig. 6(b) in
which the short-distance measurements of κ r at TST-196 and PRO-
033 are indistinguishable, indicating common attenuation properties
for the baserock material in the region. We illustrate this tendency
for stabilization at EUROSEISTEST in Fig. 10 (red points). In the
same figure (blue points) we include some results of another study
(Edwards et al. 2015), performed for Swiss rock sites, using the
classical approach in the range of roughly 15–30 Hz. In that case
too, on first inspection, we find an overall downward trend of κ0
from soft to hard rock, but on closer inspection we find it may
stabilize above a Vs30 of 1600 m s−1.
The asymptotic values, shown in Fig. 10 with dashed lines, are
about 21 ms for Volvi and 12 ms for Switzerland. Given the consis-
tency in measurement method and frequency range, we propose that
the difference in the high-Vs30 asymptotic κ0 values might be a re-
gional characteristic of the rock. Fig. 11 shows a conceptual physical
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686 O.-J. Ktenidou et al.
Figure 11. Example illustration of the possible regionalization of κ0 and description of the suggested underlying model. We propose an asymptotic κ0 value
(dotted lines) for very high Vs which will depend on the source and regional upper crust. The cartoon on top illustrates the contribution of source, path, deeper
and shallower site components to κ0 (adapted from Kramer 1996).
model describing this. At rock level, the asymptotic κ0 value is de-
termined by the nature of the crust in the region. This would include
the regional structure of the crust (e.g. regional Vs and Q values,
fracturation, etc.) and may also include regional source characteris-
tics (e.g. the upper frequency limit to the energy emitted by a source,
etc.). Here we note that although the contribution of the source is
still unresolved, we wish to include it in this proposed model as a
possible component whichmay be resolved through future research.
As sedimentary layers are added to the rock base (i.e. aswemove left
on theVs axis), κ0 increases due to this additional ‘deeper site’ atten-
uation, which is probably mostly due to intrinsic damping from the
deeper layers. Finally, adding near-surface soil layers to the profile,
the additional ‘shallow local’ attenuation leads to the final value of
κ0 measured at the surface, including damping and scattering from
the top layers (see the next section). Moreover, the attenuation in
the uppermost layers might be affected by non-linear behaviour un-
der high-level excitations. In geotechnical engineering terms, this
could be expected to lead to an increase in hysteretic damping (ξ =
(2Q)−1) with shear strain, but there are still few and contradicting
observations of non-linearity on κ0 (Dimitriu et al. 2001;VanHoutte
et al. 2014). Our proposed division of κ0 (or t∗) into source/path and
local site components is schematically illustrated in Fig. 11, along
with its stabilization around an asymptotic value that may vary with
region.
This division into components could be a particularly useful way
of looking at κ0 in cases where a reference rock level is sought. For
instance, in cases where site-specific analyses are required to predict
groundmotion, a reference input motion must be defined for the site
response analysis at some reference rock level. It is important first
to describe the reference rock accurately in terms of Vs30 and κ0, so
as to adjust the chosen GMPEs to the region. Then it is important
to describe the overlying local geological structure in geotechnical
terms such as Vs and ξ . For the top layers, these properties may
also depend on the level of excitation, through G-γ -D degradation
curves. The relation between κ0 and ξ for the top layers has not
been fully investigated. Ferna´ndez-Heredia et al. (2012) suggested
a loose correlation between ξ and κ0. A successful separation of
the reference rock and overlying geology would help avoid any dou-
ble counting of attenuation in the subsequent response analysis. The
asymptotic, regional value of κ0 that we propose could characterize
precisely this ‘reference rock’ limit between the two. Establishing
such a link between the seismological and geotechnical aspects of
attenuation may be a key element to moving forward. In the next
and final section, we make a first step towards this direction of
correlating κ0 and damping.
Scattering as a site attenuation mechanism
In the field of exploration seismology, it has been known since the
1970s that wave propagation through fine layering can filter out
high frequencies and may increase the apparent attenuation through
short-period multiples (O’Doherty & Anstey 1971). This effect
is often referred to as stratigraphic filtering. Richards & Menke
(1983) caution that accounting only for anelastic attenuation mech-
anisms and not scattering may be problematic for high frequencies.
Frankel (1982) suggested a relation between the degree of scatter-
ing attenuation at a site and the apparent corner frequency mea-
sured on a spectrum. Frankel & Clayton (1986), Faccioli & Tagliani
(1987) and Faccioli et al. (1989) studied self-similar random media
numerically, where fluctuations in the profile introduce additional
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constant-Q high-frequency attenuation. The latter studies hint that
scattering attenuation may be linked to fmax or κ0. However, this
has not been actively considered in the past two decades (with the
exception of Parolai et al. 2015), and current discussions on the
nature of κ0 do not explicitly include the contribution of scattering.
We explore this possibility through the EUROSEISTEST data.
Hough & Anderson (1988) proposed that κ0 could be integrated
along the ray path in an analogy to t∗, based onQ and Vs in the shal-
low crust layers, and under the conditions described by Anderson
(1991) this can be written as a sum over N layers:
t∗ =
∫
path
dr
Vs(z)Q(z)
=
N∑
i=1
Hi
Vsi Qi
= κ0. (9)
From a geotechnical engineering point of view, Q in the surface
layers is related to soil damping. Silva (1997) proposed that in a
relationship such as eq. (9), κ0 can be linked to damping in the
shallow crust if we consider
Q = 1
2ξ
, (10)
where ξ is the decimal damping ratio over depth H. This assumes
thatQ corresponds to intrinsic (frequency-independent) attenuation
and does not include scattering (frequency-dependent) attenuation.
Since we know the soil profile and have available measured val-
ues of soil damping (i.e. shallow Q) for EUROSEISTEST, we can
examine the relation between damping and κ0 in our data. We fo-
cus on the boreholes, TST and PRO (see Fig. 3), and recall that
κ0 expresses time. First we use eq. (9) to compute t∗ within the
soil profiles above formation G, based on the known Vs, H and ξ
(or Q) of each layer. Then by adding the measured downhole value
of κ0 (κDH0 ) and the borehole-to-surface t
∗, we can predict κ0 at
the surface of the boreholes (κSUR0 ). By comparing predicted and
measured surface κ0 values we will try to better understand κ0. The
expression we use is the following:
κSUR0 = κDH0 + t∗ = κDH0 +
N∑
i=1
Hi
Vsi Qi
= κDH0 +
N∑
i=1
2Hiξi
Vsi
. (11)
At EUROSEISTEST, soil damping values are available from
Pitilakis et al. (1999) for formations A through G within the TST
borehole, based on cyclic triaxial and resonant column lab tests
(Fig. 3). The small-strain ξ ranges from 3.3 per cent down to 0.5 per
cent for formations A to G∗; based on eq. (10), these correspond to
a Q range from 15 to 200. The accuracy of ξ measurement is not
always dependable, but these lab results are in good agreement with
in situ measurements of Jongmans et al. (1999), who performed
analysis of attenuation of surface waves at EUROSEISTEST. The
latter found Q ranging from 15 to 30 down to 40 m depth (forma-
tions A to C, Fig. 3). The uncertainty in the lab results of Pitilakis
et al. (1999) is unknown, but the scatter in the in situ Q values
can be estimated because Jongmans et al. (1999) performed mea-
surements along various profiles in the basin. Combining them, we
find that the scatter around the mean Q down to 40 m (σQs) ranges
between 30 per cent and 35 per cent. We also note here that their
Vs values found for the various formations in Volvi are in good
agreement with the model we use here. Lab and in situ Q measure-
ments typically cover a frequency range of roughly 1–10 Hz and are
considered frequency-independent.
In Fig. 12, we compare the predicted κSUR0 with ourmeasurements
from the previous section. At downhole stations PRO-033 and TST-
196, wemeasured κDH0 of 19± 4ms and 21± 8ms, respectively.We
plot these starting points on the diagonals. Assuming thatQs and Vs
Figure 12. Predicted versus measured κ0 values for each station in the PRO
(above) and TST (below) boreholes (for TST we only show stations with
more than 10 records). For the deepest downhole station the data points start
on the diagonal. Nearing the surface, they move away from it, as measured
κ0 becomes larger than predicted. The error bars show uncertainty in κ0
measurement. The end of each arrow marks the final predicted κ0 at the
surface. κ0 is measured between the measured and predicted surface κ0
values. The shaded red area represents the epistemic uncertainty in predicted
κ0 due toQ uncertainty, computed for a 50 per cent shift inQ over the entire
profile.
are constant and frequency-independent in each overlying layer, we
add t∗ (from eq. 11) to κDH0 for each station in between (in Fig. 12
we only show stations with more than 10 records). We predict mean
κSUR0 values at surface stations PRO-000 and TST-000 equal to 20
and 36 ms, respectively. The measured surface values are 24 ± 7
and 61± 11 s, respectively. Moving towards the surface, the starting
points should move along the diagonal (following the arrows) if κ0
were accounted for entirely by t∗. But they move away from the di-
agonal towards the right, since measured κ0 is larger than predicted.
This means that there is a discrepancy between t∗ predicted from
damping and the measured difference κSUR0 − κDH0 ; we will call this
discrepancy κ0 in the figure. In PRO, κ0 = 24 − 20 = 4 ms,
which lies within the standard deviation on the measured κ0. For
TST, however,κ0 = 61− 36= 25ms, which is significantly larger
than the measurement uncertainty. We examine whether this dis-
crepancy could be due to the uncertainty in the damping values. As
shown previously, the in situ Qs values have a scatter of up to 35 per
cent. We modify theQs in all layers of the TST profile, first increas-
ing them all by 50 per cent and then decreasing them all by 50 per
cent (this systematic shift should represent more than the actual un-
certainty), and recompute κSUR0 . The shaded area between these new
predictions (the red envelopes in Fig. 12) represents the expected
variability in predicted κ0 due to Q uncertainty. Even assuming
such systematic errors in Q, the predictions still underestimate the
measurements. Moreover, our knowledge of the soil profile is well
constrained between different studies, and all records have peak am-
plitudes under 0.1 g (and most under 0.01 g); hence, errors in Vs or
non-linear behaviour cannot lie behind this global underprediction
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Figure 13. Left panel: transfer functions at the surface (TST-000) with respect to the bedrock (TST-196) for 1-D simulations in the frequency domain, for the
7-layer (blue) and the 20-layer (red) profiles. The increase in profile complexity leads to an increase in κ0,TF of 8 ms. Right panel: the two Vs profiles with
depth.
of attenuation. We will consider stratigraphic filtering as an alter-
native interpretation for the observed κ0.
According to Fig. 3, the soil profile at PRO is rather simple, with
a layer of weathered rock overlying healthy rock. At TST, on the
other hand, the soil profile is very complex, especially near the sur-
face, due to numerous thin deposited layers. Raptakis et al. (1998)
show that the borehole logging at TST resulted in 20 geological
units, which were later grouped in order to produce the simpler,
homogenized geotechnical model of Fig. 3. Moreover, the near-
surface stratigraphy revealed by CPT (cone penetration test) and
SPT (standard penetration test) testing in the TST borehole is even
more complex, with over 30 units identified within the first 25 m
(Raptakis et al. 1998; Manakou 2007). We believe that this impor-
tant small-scale inhomogeneity of the profile may cause additional
high-frequency attenuation through scattering. This would include
two mechanisms: multiple reflections that cause part of the energy
in the upgoing waves to be diverted downwards into the Earth and
the forward scattering of energy that causes a redistribution in the
time history. Small-scale perturbations in Vs and Q values could,
at least partly, explain the discrepancy between the observed and
predicted κ0 at the surface. It would mean that the measured κSUR0 at
TST-000 is the sum of intrinsic material attenuation and scattering,
and that the former is accounted in the predicted κ0 while the latter
may not.
We make a preliminary check of our assumption by forward 1-D
modelling.We compute the site response of the TST soil column for
two cases that differ in complexity: for the 7-layer profile of Fig. 3
and for the 20-layer profile given by Raptakis et al. (1998, their
Fig. 3). We do this in two ways, in the frequency and in the time
domain. In both types of analysis, frequency-independent material
damping is assumed (which is the same assumption we have made
so far). In what follows we describe the two types of analysis:
(1) Using Kennet’s (1983) reflectivity method, we compute the
theoretical 1-D transfer function between the surface and the
bedrock in which the deepest station lies. We apply the transfer
function approach (Frankel et al. 1999; Drouet et al. 2010) and
compute κ0,TF at the surface of the 7-layer and the 20-layer profiles.
These values are relevant to κ0 at the bedrock, that is, they corre-
spond toκ0 or t∗ in eq. (11). By increasing the profile complexity,
we find that t∗ increases from 12 to 20 ms, that is by 8 ms (Fig. 13).
(2) Using DEEPSOIL (Hashash et al. 2011), we introduce time
histories as input motion at bedrock level (formation G) and propa-
gate them to the surface. As input we use 20 records from TST-196,
from distances 6–88 km, and for each one we use only the first 3 s
of the S waves. We then measure κ r,AS at the surface for the 7-layer
and the 20-layer profiles. The increase in profile complexity leads
to a mean increase of κ r,AS by 11 ms. In Fig. 14(b), the red squares
lie closer to the diagonal than the blue circles; that is, as we add
layers, the κ r,AS values of the simulated data tend to move closer to
those of the recorded data at the surface (see arrows).
Herewe alsomake a note on the downhole response. In Fig. 14(a),
the black crosses show κ r,AS at TST-196. First, κ r,AS values at the
bedrock are the same regardless of profile complexity (7 or 20
layers). Second, the symbols lie very close to the diagonal. These
are both indications of the small effect the downgoing wave field
has at TST-196. We also add here that Bonilla et al. (2002) studied
the Garner Valley Downhole Array and found that the downgoing
waves, though clearly observed in the sediments andweathered rock
(Vs < 650m s−1), were not significant in the underlying healthy rock
(Vs > 1630 m s−1).
We have shown that adding a few layers to the profile has led to
additional attenuation (8–11ms) with respect to damping, which we
believemay be related towave reflections and scattering. The actual,
more complex profile could be expected to yield higher attenuation,
if one considers more layers and more small-scale velocity inver-
sions, rather than an almost monotonic increase in Vs with depth
(O’Doherty &Anstey 1971). In Fig. 14(c), this would bring the data
points closer to 0.
Considering measurement issues further supports the interpre-
tation of small-scale scattering. The methods used to measure Q
may capture for the most part its intrinsic component rather than its
scattering component. Lab tests are generally expected to measure
the behaviour of a small-scale, relatively homogeneous sample,
not accounting for additional damping from spatial variability of
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Figure 14. (a) Comparison of κ r,AS values measured from accelerometric records with those measured from 1-D simulations in the time domain for the
downhole station TST-196. The data points lie very close to the diagonal, indicating the small overall effect of the downgoing wave field on the downhole
records. (b) As above, for the surface station (TST-000): as we add layers, the κ r,AS values of the simulated data tend to move closer to those of the recorded
data (i.e. the red squares lie closer to the diagonal than the blue circles). (c) The distance of all data points from the diagonal (i.e. from the condition ‘Observed
κ r,AS = Simulated κ r,AS’).
material properties. The in situ tests used surface waves, which are
less scattering than S waves, and at frequencies (up to 10 Hz) lower
than those we used for κ (up to 30 Hz), where again the scattering
effect is expected to be lower.
Closing this section, we propose that the stratigraphic filtering
effect, previously considered mainly within the exploration context,
should also be taken into account in the context of seismic hazard.
The possibility that κ0 also comprises a scattering component is
typically not discussed in hazard studies. We think it should be.
If our interpretation stands, it would entail that knowledge of ξ
(or Q) for the surface layers may help compute a lower bound for
κ0, which however may be higher if there is significant small-scale
variability causing scattering in the profile. Our interpretation may
also account for some of the scatter observed in correlations of κ0
with indices such as Vs30 and bedrock depth. An index that averages
over 30 or more meters of the profile will more likely correlate with
the component of κ0 that is due to intrinsic damping, and not with
the component due to small-scale fluctuations, which are smoothed
over in the averaging. It is possible that another index could be
found, perhaps a descriptor of the profile’s heterogeneity, which
would correlate with the scattering part of κ0.
CONCLUS IONS
We use the surface and downhole stations of the EUROSEISTEST
array to compute κ0 at 21 locations in and around the basin. We
follow the classical AS approach and estimate κ0,AS. The regional
attenuation we infer from the study is also validated against in-
dependent Q studies. Individual site-specific κ0 values range from
0.018 to 0.070 s, depending on the type of site. κ0 correlates well
with Vs30 across our sites, which range from EC8 class A through
C/D. It correlates equally well with the resonant frequency and the
depth to bedrock, indicating that the origins of κ0 extend at least
to the depth of the entire sedimentary column. This is significant
because when it cannot be measured, κ0 is usually inferred purely
from empirical correlations with Vs30. We then use the borehole
data to put forward a new conceptual model for κ0, consisting of
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two notions. The first notion concerns the regional stabilization of
κ0 for hard rock. Although κ0 decreases as sites become harder,
we observe that its value for rock sites stabilizes above a certain
Vs30 value. We suggest a physical model in which the asymptotic
value of κ0 is regional (depending e.g. on the nature of the region’s
sources and crust) and may be estimated from borehole record-
ings. The additional attenuation from surface layers is site-specific
and may be estimated from surface records. The second notion of
the model concerns stratigraphic filtering. We quantify the effect
of material damping (through t∗) in the soil column and find that
it does not suffice to predict the total measured attenuation. Even
considering uncertainty in the measurement of κ0 and in Q and Vs
of the profile, the measured κ0 significantly exceeds the sum of the
regional (borehole) and material damping components. Uncertainty
in the damping does not justify this discrepancy because our values
are constrained from both lab and in situ tests. Non-linear soil be-
haviour is also unlikely due to the low excitation level. We propose
that the additional attenuation observed may be due to scattering
from the numerous thin near-surface layers, a concept known in
exploration seismology as stratigraphic filtering. In the presence of
such small-scale variability in the profile, geotechnical and geo-
physical measurements of Q (or ξ ) in the layers may not suffice to
estimate the overall κ0 of a site. Starting from regional or borehole
values of κ0, knowledge of the damping can help derive a lower
bound value for the total site-specific κ0. But for a more precise
estimate of the total κ0, seismological data are needed, preferably
from a combination of local and regional stations, so as to measure
and decouple total site and path attenuation. We believe that in a
seismic hazard context, we should begin to explicitly consider the
scattering component of κ0. More research into this mechanism
could be beneficial, considering also that if Vs30 correlates with the
damping component of κ0, another proxy could perhaps be found,
which could describe the profile’s heterogeneity and correlate with
the scattering part of κ0.
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